Infection of normal individuals with human parvovirus (B19) results in a mild disease (erythema infectiosum) but gives rise to aplastic crises in patients with chronic hemolytic anemias. The effects of this disease on hemopoiesis were investigated following intranasal inoculation of the virus into three volunteers. A typical disease ensued with a viremia peaking at 9 d. Marrow morphology 6 d after inoculation appeared normal but at 10 d there was a severe loss of erythroid precursors followed by a 1-2-g drop in hemoglobin, and an increase in serum immunoreactive erythropoietin. Erythroid burst-forming units (BFU-E) from the peripheral blood were considerably reduced, starting at the time of viremia and persisting for 4-8 d depending on the individual. Granulocyte-macrophage colony-forming units (CFU-GM) were also affected but the loss started 2 d later. Both CFU-GM and BFU-E showed a sharp overshoot at recovery. In the marrow, BFU-E and CFU-E were reduced at 6 and 10 d in the individual having the longest period of peripheral progenitor loss. In contrast, there was an increase in BFU-E and CFU-E in the subject with least change in peripheral progenitors. In the third subject, with an intermediate picture, there was a loss at 6 d but an increase at 10 d of erythroid progenitors. It is suggested that the architecture of the marrow might partially isolate progenitors […] results in a mild disease (erythema infectiosum) but gives rise to aplastic crises in patients with chronic hemolytic anemias. The effects of this disease on hemopoiesis were investigated following intranasal inoculation of the virus into three volunteers. A typical disease ensued with a viremia peaking at 9 d. Marrow morphology 6 d after inoculation appeared normal but at 10 d there was a severe loss of erythroid precursors followed by a 1-2-g drop in hemoglobin, and an increase in serum immunoreactive erythropoietin. Erythroid burst-forming units (BFU-E) from the peripheral blood were considerably reduced, starting at the time of viremia and persisting for 4-8 d depending on the individual. Granulocyte-macrophage colony-forming units (CFU-GM) were also affected but the loss started 2 d later. Both CFU-GM and BFU-E showed a sharp overshoot at recovery. In the marrow, BFU-E and CFU-E were reduced at 6 and 10 d in the individual having the longest period of peripheral progenitor loss. In contrast, there was an increase in BFU-E and CFU-E in the subject with least change in peripheral progenitors. In the third subject, with an intermediate picture, there was a loss at 6 d but an increase at 10 d of erythroid progenitors. It is suggested that the architecture of the marrow might partially isolate progenitors from high titers of virus in the serum and individual variation in this respect might give the results observed.
Introduction
Human parvovirus (1) (B19) is the cause oferythema infectiosum (fifth disease) (2, 3) , which is a common illness ofchildhood but also occurs in adults. After an incubation period of 5-7 d there is a prodromal phase characterized by headache, malaise, pyrexia, and respiratory symptoms associated with a high viremia. This is frequently followed a week or so later by a rash and a typically transient arthralgia. In adults the later symptoms occur more commonly in women (4) .
Address reprint requests to Dr. C. G. Potter. Receivedfor publication 16 June 1986 and in revisedform 20 January 1987. Infection with B19 results in aplastic crises in individuals with chronic hemolytic anemia due to sickle cell disease (5, 6) , beta thalassemia (7) , pyruvate kinase deficiency (8) , and hereditary spherocytosis (9) . The shortened red cell survival in these cases, combined with a temporary cessation of erythropoiesis produced by B19 infection, results in severe anemia.
In a volunteer study, the disease was successflly transmitted to susceptible individuals by intranasal inoculation ofvirus (10) .
The typical mild symptoms occurred and immediately after the viremia there was a reproducible pattern of hematological changes in reticulocyte count and hemoglobin, consistent with the changes observed in the B 19-induced aplastic crises. In addition, there was a loss of platelets and myeloid elements from the peripheral blood that ranged from 30 to 70% of baseline levels although these transient decreases, like those ofthe erythrocytes, are not hazardous in normal individuals.
The changes in peripheral blood counts have been assumed to originate from the effects of the virus on the bone marrow precursors. Study of normal bone marrow in vitro has shown that the late erythroid precursors (erythroid colony forming units, CFU-E') are sensitive to virus-containing serum whereas the more primitive precursors (erythroid burst-forming units BFU-E), are also sensitive but to a lesser extent (11, 12) . It has been shown that these cells may be a site of viral reproduction by taking BFU-E after 8 d growth, exposing them to virus and replating. Following a further 8 d in vitro small colonies grew, in which some ofthe cells were shown to contain crystalline arrays of virus within the nucleus (13). It was therefore decided to conduct a further volunteer study to examine the erythroid and myeloid precursors in both the peripheral blood and the bone marrow of subjects experimentally infected with B19 and to investigate changes in serum erythropoietin to establish whether the viral infection was associated with impaired secretion of the hormone. This paper describes these results and relates them to the time course ofthe virological events and to the hematological changes that occurred.
Methods
Volunteers and the B19 infection protocol. Three healthy male subjects (hereafter A, B, and C) aged 38, 33, and 36 yr, respectively, whose serum contained no detectable antibodies to B19, were selected from a panel of volunteers who had shown their willingness to take part in trials at the Common Cold Unit, Salisbury. All were given clinical, biochemical, and hematological examinations and a chest x-ray and were found to 1. Abbreviations used in this paper: BFU-E, erythroid burst-forming unts; CFU-E, erythroid colony-forming units; CFU-GM, CFU-granulocyte macrophage; CRP, C-reactive protein.
be normal. The procedures involved and the possible symptoms were described and each volunteer gave assent. Ethical permission was obtained from the Ethical Committee of Northwick Park Hospital, Harrow.
Venous blood samples were taken from the volunteers on arrival to obtain baseline values. The following day these were repeated and the subjects were infected by inoculating into each nostril, 0.5 ml of a 1% dilution in saline of infectious serum containing -10'0 genomes B19/ ml. This was the same serum as used in the previous trial (10) and was obtained from a symptom-free blood donor. Thereafter, samples ofgargles, throat swabs, and venous blood were obtained at frequent intervals. Bone marrow was aspirated from the iliac crest of each subject under local anesthetic, on three occasions, at times calculated to coincide with the start and end ofthe viremic phase, as well as a postrecovery (control) sample at 70 d. The subjects were examined clinically each day, the oral temperature self-recorded, and a symptom record completed by the clinical observer.
Hematology. Samples of blood were collected into EDTA and counts made using an Ortho ELT 800 (Ortho Diagnostics, Raritan, NJ). Blood films were made within 5 h and stained with May Grunwald-Giemsa stain. Differential counts were made on 200 cells. Lymphocytes were obtained from each sample and the subsets determined using the antibodies OKT3, OKT4, OKT8, WR-6, and FMC4 in addition to antisera to kappa and lambda light chains.
Marrow aspirates were immediately smeared onto slides and air dried. They were later stained by May Grunwald-Giemsa and differential counts performed on samples of 500 cells.
Virology. Samples of serum, throat swab, and gargle were examined for B19 DNA by dot-blot hybridization using 32P-labeled cloned viral DNA and visualized by autoradiography (14) . (FCS) . The cells were counted in a hemocytometer. Marrow was treated similarly but transported in alpha medium containing 10% FCS and 5 U/ml preservative-free heparin. Cultures for growth of BFU-E were set up in 1% methocel dissolved in alpha medium containing 30% FCS, 10% bovine serum albumin (BSA) (Sigma Chemical Co., St. Louis, MO), 1 U/ml sheep erythropoietin (Arnold R Horwell Ltd., London, Connaught Step III) and 10-' M mercaptoethanol. CFU-GM were set up in a similar medium without BSA or erythropoietin but with 6.25% placental conditioned medium (18) as a source of colony-stimulating factor. Cultures were set up in medium containing either 30% FCS or 20% FCS plus 10% of autologous serum, prepared from a clotted blood sample taken the same day. Cells from peripheral blood were cultured at a density of 3.0. 105/ml for BFU-E and 3.75. 105/ml for CFU-GM while marrow cells were plated at a density of 1.105/ml for BFU-E and 1.25.105/ml for CFU-GM. The mixture of cells in methocel was plated out as 0.3-ml cultures in 24-well plates (Falcon Labware, Oxnard, CA) and each well covered with 0.5 ml of light liquid paraffin oil, which acted as a barrier to abrupt changes in pH and to dehydration (19) . The plates were incubated at 37°C in glass desiccators gassed with 5% CO2 in air. 
Results
Virology. The time course of the viremia and the specific antibody response was similar to that previously described (10) . Virus was detected in the serum of two of the volunteers (A and C) from day 6 to day 12 and in the third (B) from day 6 to 10 ( Fig.  1) . Throat swabs and gargles were also positive at the time of viremia (data not shown). Specific antibody ofthe IgM class was detectable towards the end ofthe viremia in all three volunteers and reached maximum concentrations (> 100 arbitrary units) by day 14 . All three volunteers also developed specific IgG antibody during the week following the viremia (data not shown).
Clinical features. The subjects showed only the prodromal symptoms expected of infection with B19, although the severity varied. Subject C was least affected, feeling unwell for only a few hours. Subject A was affected for a day with slight fever (380C) while subject B had a similar fever but was confined to bed for 7 h on one day and for 2 h the next. The severity of these symptoms was not related to the maximum titers of virus, which varied little in the three subjects, nor to the hematological changes. Thereafter the subjects remained symptom free for the duration of the trial. No rash or arthralgia occurred and rheumatoid factor in the serum did not increase above the background level. CRP values were raised slightly in two of the subjects at the time of the peak viremia but became undetectable for the remainder of the trial. CRP and rheumatoid factor also remained low in the samples taken at the 70 d followup and no late clinical sequelae were noted. f3-2-Microglobulin (Fig. 1) showed an increase at the same time as the loss of platelets and neutrophils but returned slowly to baseline after a few days as the cells recovered.
Hematology. The numbers of platelets, lymphocytes, and neutrophils, together with hemoglobin values, are shown for each subject in Fig. 1 . Hemoglobin fell by 2-3 g/100 ml over the period ofthe trial, more rapidly after development ofthe viremia. Lymphocyte numbers showed a sharp fall at the time of maximum viremia while platelet and neutrophil counts also fell but a day or so later. The three subjects varied a little in the extent and timing ofthe hematological changes produced by the disease. In subject A the changes for each cell type occurred about 2 normal although there were a number of large cells with uniform nuclei and large cytoplasmic/nuclear ratios. This description is consistent with their being large atypical lymphocytes or possibly proerythroblasts. Erythropoietin. Each of the serum samples from the three subjects was assayed for erythropoietin and the results are shown in Fig. 1 . In each case the erythropoietin shows a sharp increase after the peak viremia, which coincided with the loss of erythroid precursors in the bone marrow. The erythropoietin concentration then declined towards base line values by 14 or 17 d after infection, which was when the numbers of BFU-E in the peripheral blood had recovered but while Hb values remained depressed. A secondary rise in serum erythropoietin occurred at 20-23 d.
BFU-E and CFU-GM in blood. Fig. 2 shows the results of the growth of BFU-E and CFU-GM from the peripheral blood ofthe three subjects. There is an initial phase, before development of the viremia, when the number of BFU-E remained similar to base line values. At the onset of the viremia the number of colonies fell to a very low level. The number rose at the end of the viremic phase with a marked overshoot, before returning to the baseline values at recovery. The general similarity in the number of colonies in cultures grown with 30% FCS or with 20% FCS plus 10% autologous serum, indicates the reproducibility ofthe techniques used. Only in one sample (day 8, subject A) was there a profound inhibitory effect of autologous serum on BFU-E. CFU-GM were greatly decreased in a similar pattern to that of the BFU-E although the fall occurred 2 d later, coinciding with the time of maximum viremia. In some ofthe BFU-E or CFU-GM cultures there was some increase in colony numbers in the presence ofautologous serum, indicating a stimulatory effect, especially during the recovery phase at the time of the overshoot. Table II shows the results when whole serum, serum supernatant and viral pellet were added at 10% vol/vol (or equivalent) to BFU-E cultures of peripheral blood taken from a different, nonimmune subject. Wherever there was a high degree ofviremia (+++) then both the viral pellet and whole serum produced a profound inhibition in colony numbers. At lower titers the virus was diluted enough to have little effect and these results are comparable with previous in vitro experiments. Supernatants, with < 0.5% of the viral content of whole serum, produced no inhibition and may have had some stimulatory effect.
BFU-E, CFU-E, and CFU-GM in marrow. A more complicated situation obtained for the numbers of erythroid colonies grown from the marrow (Fig. 3) . In subject A, 4-d CFU-E in the first marrow were greatly increased but 8-d CFU-E and BFU-E were similar to controls taken at 70 d. In the second marrow, taken at the time of maximum viremia and greatest loss of progenitors from the peripheral blood, there were more erythroid progenitors of all stages than in the control. In subjects B and C, the 6-d marrows showed a reduction in BFU-E and 8-d CFU-E but not in 4-d CFU-E. In the second marrow ofB, the numbers ofBFU-E and 8 d CFU-E were raised but not 4 d CFU-E, whereas for subject C a quite different pattern was observed, since all the erythroid progenitors were reduced.
The number of CFU-GM in the marrow of subjects A and B were increased in the first sample compared with the 70-d control samples but in subject C there was a small decrease. In the second marrow, CFU-GM were increased only in subject B while remaining reduced in subject C. These changes were of much smaller magnitude than those ofthe erythroid progenitors.
Where high titers of virus were present, growth of erythroid progenitors was considerably inhibited by inclusion of 10% autologous serum. There was no inhibition of CFU-GM by such sera although in some cultures there was evidence of a stimulatory effect (data not shown).
Discussion
The timing of both the transient appearance of virus in throat samples and the seroconversion for viral-specific IgM and IgG in all three subjects was similar to that observed in the previous volunteer study, as were the minor clinical and hematological changes occurring at the time of the viremia (10) . No rash or arthralgia was observed and there were minimal alterations of circulating CRP and rheumatoid factor. The increased fl-2-microglobulin coincided with the loss of neutrophils and platelets and it could have been released by damage of these cells. If so, this might indicate that the previous fall in lymphocyte count was not due to damage but perhaps to sequestration of these cells elsewhere in the body.
In contrast to the generally mild clinical and hematological effects of the B19 infection, the marrow samples taken on the 10th day after inoculation showed an almost total absence of erythroid precursors. This loss could be either some indirect effect of the infection or a direct damaging effect of the virus upon progenitors, resulting in aplasia by loss of production of mature elements that might also be damaged directly by the virus. One possible indirect effect was investigated by estimation oferythropoietin in the serum. This showed a moderate increase (in contrast to the 100-fold increase common in aplastic anemia) at the time oferythroid aplasia, suggesting that this was secondary to and not a cause of the anemia. Serum erythropoietin peaked before the nadir in hemoglobin and increased again at 20-23 d suggesting that erythroid end-cell mass and oxygenation were not the only factors involved in regulation of the hormone. Indeed the changes in erythropoietin were more nearly inversely related to the presence of red cell progenitors and might reflect erythropoietin binding to receptors.
It was also possible that serum inhibitors might be present during the viremia and produce part or all of the changes observed. a-Interferon might act in this way but was not detected in serum taken during the previous volunteer study (10) , while inhibitory effects of viremic serum in vitro were not abolished by its prior treatment with antiinterferon antibodies (12). We have shown that the in vitro inhibition of BFU-E produced by highly viremic serum also occurred with the viral pellet but not with serum freed of virus by centrifugation, demonstrating a probable lack of any inhibitors in the unfractionated viremic serum samples, other than the virus.
Hematopoietic Effects ofExperimental BJ9 Infection 1489 The profound inhibitory effect of 10% high titer serum in vitro compared with the lesser effect on the marrow in vivo might be explained by considering the role of the sinusoidal endothelial lining of the marrow. This lining could provide a Direct effects of the virus were investigated by determining the numbers of erythroid and myeloid progenitors in the peripheral blood and bone marrow during the course of the infection. There was a dramatic loss of both erythroid and myeloid progenitors in the peripheral blood at the height of the viremia, while in the marrow changes were restricted to the erythroid lineage. Loss of peripheral erythroid progenitors cannot be easily explained by a cell-specific infection, accompanied by viral replication and cell lysis, since very few of these cells are in S-phase and DNA synthesis ofthe host cell is thought to be a prerequisite for B 19 as well as animal parvoviruses. It was possible that progenitors were still present, although undetectable, if virus had been carried over into culture and had only become infective when the cells entered S-phase. This cannot be an exclusive explanation because on day 14 the numbers of peripheral BFU-E in all three subjects were low despite there being no detectable circulating virus. In addition, BFU-E from subject A on day 6, which had been immersed previously in virus-containing serum in vivo, were able to grow in vitro. The density gradient separation and subsequent washes presumably freed the cells ofvirus. This also indicated that the binding affinity was low, which is unusual for the virus/receptor interaction expected in a cellspecific infection.
Progenitors might be affected by a nonspecific viral cytotoxicity, independent ofreplication, which could explain the platelet and leukocyte losses observed. CFU-GM were also reduced in the peripheral blood but 2 d later than the loss of BFU-E. This delay could be explained if CFU-GM were less sensitive than BFU-E to the virus, only being affected at the peak ofthe viremia. This would imply that CFU-GM might be inhibited at high enough titers in vitro and this is the case with 10'>" genomes/ ml (Potter, C. G., and A. C. Potter, unpublished observations).
The results ofthe bone marrow colony cultures were difficult to interpret. Sample times were chosen on the basis ofperipheral blood and viral findings from a prior volunteer study; however, with only two marrows taken at the time of the viremia, any attempt at reconstructing the events occurring in the bone mar- partial barrier to B19 reducing the concentration of particles within the parenchyma to a level that might produce a widespread but reversible inhibition with perhaps only a small loss of progenitors. Release of marrow cells from the microenvironment by manipulation in vitro and exposure to the high titers of virus would give the results obtained. Individual differences in the capability of the marrow structure to isolate progenitors from virus in the serum might result in different degrees of erythroid aplasia in different subjects.
Despite these studies, therefore, the pathophysiology of the anemia remains unclear, in particular it is not known whether the erythroid lineage is the major site of viral replication in vivo although in vitro experiments suggest that 8-d CFU-E are prime candidates (13). It can be estimated that a total of -Il0 " viral genomes can be present in the serum while the bone marrow probably contains -10'0 CFU-E in all (22) . This would give o04-5 particles per cell, which is a high copy number compared with many viruses. However, for the parvovirus that produces Aleutian Disease of mink, in situ hybridization experiments (23) indicate that such a number per cell is not unreasonable. It has been shown recently that in vitro replication of B19 occurs in the highly erythroid bone marrow derived from patients with hemolytic anemias (24) . The marrows were cultured with erythropoietin and upon infection produced large numbers of viral particles and became depleted of erythroid precursors. In situ experiments indicated that late erythropoietin-responsive progenitors were target cells in this system. Although knowledge of the natural history of B19 is beginning to emerge, it is still not clear as to the exact mechanisms involved in erythroid aplasia of the marrow and the loss of leukocytes and progenitors from the peripheral blood. The route from initial infection, presumably through the nasopharynx, to the marrow is also unknown and the replication kinetics ofthis virus which produces such a massive viremia as well as its effect on the marrow therefore warrant further study.
